We propose a minimal model to simultaneously account for a realistic neutrino spectrum through a type-I seesaw mechanism and a viable dark matter relic density. The model is an extension of the Littlest Seesaw model in which the two right-handed neutrinos of the model are coupled to a Z 2 -odd dark sector via right-handed neutrino portal couplings. In this model, a highly constrained and direct link between dark matter and neutrino physics is achieved by considering the freeze-in production mechanism of dark matter. We show that the neutrino Yukawa couplings which describe neutrino mass and mixing may also play a dominant role in the dark matter production. We investigate the allowed regions in the parameter space of the model that provide the correct neutrino masses and mixing and simultaneously give the correct dark matter relic abundance. In certain cases the righthanded neutrino mass may be arbitrarily large, for example in the range 10 10 − 10 11 GeV required for vanilla leptogenesis, with a successful relic density arising from frozen-in dark matter particles with masses around this scale, which we refer to as "fimpzillas".
Introduction
Neutrino oscillation experiments have provided the first evidence for new particle physics beyond the Standard Model (BSM) in the form of neutrino mass and mixing [1] . Although the origin of neutrino mass and mixing remains unknown [2, 3] , there has been continuing experimental progress, for example on atmospheric mixing which is consistent with being maximal [4] [5] [6] [7] [8] [9] .
The leading candidate for a theoretical explanation of neutrino mass and mixing remains the seesaw mechanism [10] [11] [12] [13] [14] [15] . However the seesaw mechanism involves a large number of free parameters at high energy, and is therefore difficult to test. One approach to reducing the number of seesaw parameters is to consider the minimal version involving only two right-handed neutrinos (2RHN) [16, 17] . In such a scheme the lightest neutrino is massless. An early simplification [18] involved two texture zeros in the Dirac neutrino mass matrix consistent with cosmological leptogenesis [19] [20] [21] [22] [23] [24] [25] [26] . Although the normal hierarchy of neutrino masses, favoured by current data, is incompatible with the 2RHN model with two texture zeros [25, 26] , the one texture zero case originally proposed [16, 17] remains viable.
The Littlest Seesaw (LS) model is based on the 2RHN model with one texture zero, and in addition involves a well defined and constrained Yukawa involving just two independent Yukawa couplings [27] [28] [29] [30] [31] [32] [33] , leading to a highly predictive scheme. The LS model also provides a rather minimal explanation of cosmological leptogenesis, providing the lightest right-handed neutrino has a mass of order 10 10 − 10 11 GeV [34] . However, to date there has been no attempt in the literature to address the origin of Dark Matter (DM) in the LS model.
The existence of DM in the Universe provides cosmological evidence for new physics beyond the Standard Model. Although there are many possible candidates for DM particles, it is interesting to try to connect the new physics required for DM particles to that required for neutrino mass and mixing, and there are many works in this direction . For example, a recent work considers the type-I seesaw mechanism together with a fermion singlet dark matter particle, stabilised by a discrete Z 2 symmetry arising from a broken Z 4 [103] . The construction in Ref. [103] suggests that there exists a scalar field mediator between the two sectors whose vacuum expectation value not only generates the mass of the dark matter, but also takes part in the neutrino mass generation. This example is representative of many such attempts to connect the seesaw mechanism to DM, namely by invoking a Higgs portal type coupling to constrain the seesaw scale.
In this paper we propose a minimal and realistic model to simultaneously account for the neutrino masses through a type-I seesaw and provide a viable dark matter candidate which exists in a dark sector consisting of a single dark fermion χ and a single dark complex scalar φ, both having an odd dark parity Z 2 . Unlike many works in the literature, we focus on the righthanded neutrino portal (rather than the Higgs portal [97, [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] ) and on the implications of this for neutrino physics and dark matter phenomenology. In other words we suppose that the production of dark sector particles is achieved dominantly via their couplings to the right-handed neutrinos N R , which are in turn coupled to the thermal bath via their neutrino Yukawa couplings to left-handed neutrinos and Higgs scalar. Thus the production of DM particles depends crucially on the same neutrino Yukawa couplings which determine neutrino mass and mixing. Another unique feature of our approach here is that we constrain the parameter space by the requirement of achieving a realistic pattern of neutrino masses and mixing, while many works in the literature only consider a toy model with a single neutrino mass for example. In order to achieve this, we focus on the LS model above with two right-handed neutrinos N R , which successfully describes the neutrino data with a very small number of parameters.
The requirement that the right-handed neutrino portal plays a dominant role in the production mechanism of dark sector particles, then provides a highly constrained and direct link between dark matter and neutrino mass and mixing. In order to achieve the correct relic density in this scenario we need to assume that the coupling of N R to the dark sector is very small, which puts us in the so called "freeze-in" scenario [121] which is not usually considered in the framework of the right-handed neutrino portal. However in such a scenario, it becomes possible to obtain a successful relic density for almost arbitrarily large right-handed neutrino and dark sector masses. In particular, it is possible to achieve right-handed neutrino masses in the range 10 10 − 10 11 GeV required for leptogenesis. This means that the LS model can simultaneously achieve both leptogenesis and (when extended by a dark sector as here) a successful DM relic density. In such a case, the DM particles are ultra-heavy frozen-in particles, which we refer to as "fimpzillas".
The layout of the remainder of the paper is as follows. In Section 2 we discuss the Lagrangian of the model describing in detail the features of the LS model. In Section 3 we report the Boltzmann equations required to determine the DM relic abundance according to the freeze-in production mechanism. In Section 4 we discuss our numerical results, highlighting the regions of the parameter space that provide a link between DM and neutrino mass and mixing. Finally, in Section 5 we draw our conclusions.
The model
We consider an extension of the Littlest Seesaw model where the two right-handed neutrinos N Ri are coupled to a dark sector consisting of a scalar φ and a fermion χ. For the sake of simplicity, we assume that the former is a complex field while the latter has a vector-like mass. The lighter particle between φ and χ plays the role of dark matter. The Standard Model (SM) and the Dark Sector (DS) are distinguished by a Z 2 symmetry that also stabilises the DM particles. In particular, the DS particles, φ and χ, are odd under Z 2 , while the other fields are even. In Tab. 1 we report the matter content of the model providing how the new fields transform under the electroweak gauge group SU (2) L ⊗ U (1) Y and the discrete symmetry Z 2 . Hence, the full 
where the first term is the SM Lagrangian, the Seesaw term is responsible for neutrino masses, the DS part contains all the kinetic and mass terms of the dark particles φ and χ, while the last term consists of the interactions that connect the visible and the dark sectors. In particular, the last three terms read
where L Lα are the left-handed lepton doublets (α = e, µτ and β = 1, 2) and
is the SM Higgs doublet withH = iτ 2 H * . In Eq, (3), the quantities m χ and m φ are the masses of the fermion and the scalar, respectively, and V (φ) is a general potential for the scalar field allowed by the Z 2 symmetry. We assume that the discrete Z 2 symmetry is an exact symmetry of the model so that the scalar field does not acquire a v.e.v. (a detailed analysis of the scalar potential is beyond the scope of this paper). Finally, the visible and dark sectors are connected through the right-handed neutrino portal defined in Eq. (4), where for the sake of simplicity we have assumed the same real coupling y DS between the two right-handed neutrinos and the DS particles. It is worth noticing that in this framework the Higgs portal defined by the coupling y Hφ |H| 2 |φ| 2 is also allowed. However, the aim of the present analysis is to investigate the impact of the right-handed neutrino portal on the DM phenomenology and to highlight the interesting connection between neutrinos and DM particles. Hence, for this reason we consider the coupling y Hφ to be negligible. Let us now discuss in detail the Littlest Seesaw model defined by the Lagrangian given in Eq. (2) . The first term is a Yukawa-like coupling while the second one is the Majorana mass term for the right-handed neutrinos. After the electroweak symmetry breaking, the light effective left-handed Majorana neutrino mass matrix is obtained by type-I seesaw formula [10] [11] [12] [13] [14] [15] with K 1 being the modified Bessel function of the second kind of order 1, while the thermally averaged cross section takes the form [123] 
where s is the Mandelstam variable equal to the square of the centre-of-mass energy, S kl is a symmetry factor, p ij (p kl ) is the initial (final) centre-of-mass momentum and |M| 2 is the averaged squared amplitude evaluated in the centre-of-mass frame. In order to compute the DM relic abundance, we need in principle to solve four coupled Boltzmann equations: two equations for the two right-handed neutrinos n 1 and n 2 , one for the dark scalars φ and one for the DM particles χ. However, in all the cases analysed, we consider the masses of the four new particles larger than the electroweak scale. In this limit, the neutrino Yukawa couplings given in Eq. (12) are large enough to bring the two right-handed neutrino in thermal equilibrium with the thermal bath. Hence, their yield follows the thermal distribution defined in Eq. (16) . This allows us to solve just the two coupled Boltzmann equations for the particles in the dark sector. Furthermore, we also have g s * = g s * n + g s * SM for T > M R and g s * = g s * SM for T < M R , with g s * n = 2 × 2 × 7/8 and g s * SM = 106.75 that corresponds to the total number of relativistic degrees of freedom in the SM at temperature above the electroweak scale. In both limits we have g * = g s * . In the present analysis, we consider the right-handed neutrino portal coupling y DS to be very small. Only in this case, the neutrino sector defined by the Yukawa couplings in Eq. (12) could play an important role in DM production. Indeed, due to the smallness of the neutrino Yukawa couplings fixed by the seesaw formula (6), the scatterings involving active neutrinos and leptons could dominate over the other processes in the DM production only when the right-handed neutrino portal is suppressed by a very small coupling as well. When this occurs, we would have an interesting relation between neutrino physics and dark matter. In the limit y DS 1, DM particles are produced through the so-called freeze-in production mechanism [121] . Differently from the standard freeze-out production mechanism [124] [125] [126] , the DM particles are never in thermal equilibrium and are instead gradually produced from the thermal bath through very weak interactions, while the rate of the back-reactions that would destroy DM particles are further suppressed since Y χ,φ Y eq χ,φ at high temperatures. On the other hand, in the freeze-out regime the coupling y DS has to be assumed large enough to bring the dark sector in thermal equilibrium, spoiling the neutrino-dark matter relation.
Moreover, in the freeze-in scenario, since the dark sector is almost decoupled with the SM one (y DS 1), all the constraints coming from collider, direct and indirect DM searches are practically circumvented. As will be discussed later, in the range of masses considered the correct DM abundance is achieved for a right-handed neutrino portal coupling smaller than 10 −4 . Consequently, since the DM annihilation processes important for indirect DM searches are in general suppressed by y 4 DS , the corresponding indirect signals are very small. On the other hand, due to the absence of a direct coupling to quarks, the processes important for collider and direct DM searches are even more suppressed. Once the two Boltzmann equations are solved, the total DM relic abundance is then given by
where ρ DM,0 is today's energy density of DM particles and ρ crit /h 2 = 1.054×10 −5 GeV cm −3 is the critical density [127] . In oder to provide a realistic model for viable DM candidates, this quantity has to be equal to its experimental value that has been measured by Planck Collaboration at 68% C.L. [128] :
In this framework, by considering the simple case of degenerate right-handed neutrinos (M R1 = M R2 = M R ) one may classify two different types of orderings among the masses of new particles:
In all the cases, the fermion particles χ are the lightest dark particles and play the role of dark matter. As it will be clear later, the main difference in the DM production for the two hierarchies resides in the fact that the two-body decay of right-handed neutrinos into dark particles is allowed or not depending on the mass ordering. Therefore the results are insensitive to the detailed suborderings within the above classification. Before we discuss in detail the expressions of the two Boltzmann equations for the two different types of ordering, it is worth observing that other more involved orderings are allowed if one relaxes the assumption of having degenerate right-handed neutrinos. However, all the following considerations can be applied for just one right-handed neutrino at a time, according to its mass ordering with respect to the masses of dark particles. For this reason, we prefer to focus on the simplest case of equal right-handed neutrino masses.
Ordering type
In this case, the Boltzmann equations for the two dark species are given by where the right-handed neutrinos N R are taken to be in thermal equilibrium with photons. In the above expressions, we have neglected all the other subdominant terms suppressed by the condition Y χ,φ Y eq χ,φ according to the freeze-in production paradigm. Moreover, we do not take into account all the other scattering processes with right-handed neutrinos that are suppressed by the active-sterile neutrino mixing [129, 130] ). This is indeed a good approximation in the case where the right-handed neutrinos are heavier than the electroweak energy scale. Hence, we can mainly distinguish three different classes of processes (see Fig. 1 ), whose expressions are reported in the Appendix. In particular, we have:
• Dark Sector scatterings: the first term in the two Boltzmann equations refers to the scattering processes φφ * → n i n j and χχ → n i n j , respectively. In particular, we have
The amplitudes of such processes are obtained with different contractions of the righthanded neutrino portal in Eq. (4) and, therefore, the corresponding thermal averaged cross sections are proportional to the coupling y 4 DS ;
• Neutrino Yukawa scatterings: the second term in both equations corresponds to the scattering processes that originate from the neutrino Yukawa interaction given in Eq. (2). According to the Goldstone Boson Equivalence Theorem, we consider also the processes involving the other degrees of freedom of the Higgs doublet, G 0 and G ± . Hence, we have
The size of such ν−Yukawa processes is set by the product y 2 DS |y ν | 2 , where y ν is proportional to the Yukawa couplings in Eq. (12) . In the neutrino mass basis, we have
for neutrinos or leptons in the final states, respectively.
The matrix U ν is the Pontecorvo-Maki-Nakagawa-Sakata matrix describing neutrino oscillations. In the present analysis, we consider the best-fit values of neutrino oscillation parameters reported by the latest neutrino global analysis [7] (see also Ref.s [8, 9] );
• Scalar decay: the last terms are related to the two-body decays of φ particles into χ and right-handed neutrino, which are kinematically allowed if m φ > m χ + M R . The corresponding partial decay widths are proportional to y 2 DS and take the expression
where λ is the Kallen function. The total decay width is simply given by the sum of the two widths, i.e.
It is worth observing that the DS and ν−Yukawa scattering processes scale in a different way with the right-handed neutrino portal coupling y DS . As will be discussed in detail, this implies that there are regions of the parameter space where one of the two different processes dominates in the DM production. While the two scattering processes are responsible for the production of particles in the dark sector, the decays allow to convert all the dark scalars φ into DM particles χ. Indeed, if m φ > m χ + M R , all the dark scalars particles are converted into the lighter fermions according to the discrete Z 2 symmetry. These scalar two-body decays are in general faster than the Universe expansion set by the Hubble parameter and occur at temperature higher than the electroweak energy scale. Hence, in case of m φ > m χ + M R , the total DM relic abundance can be cast in terms of an effective DM yield defined as
which then obeys to the following effective Boltzmann equation
This differential equation can be easily integrated providing the today's DM yield at T = 0, denoted as Y DM,0 . Such a quantity is given by the sum of three different contributions related to DS and ν−Yukawa processes:
where
Here, we have assumed negligible yields of dark particles as initial condition. We note that the above expressions are dimensionless. However, we can rewrite Eq. (30) in a way that one can explicitly see how it depends on the seesaw energy scale M R , the right-handed neutrino portal coupling y DS and the Yukawa couplings y ν evaluated at the GeV energy scale. In particular, we have
where the dimensionless quantitiesỸ are suitably defined by using Eq.s (31), (32) and (33), and the effective squared Yukawa couplingỹ 2 ν is equal to (see the Appendix)
We note once again that, due to the different dependence on the coupling y DS and the seesaw scale M R (see Eq. (12)), one of the two different classes of scattering processes could dominate over the other one. Hence, we expect that the neutrino sector defined by the Yukawa couplings in Eq. (12), whose structure could be inferred by low-energy neutrino experiments, would drive the DM production in some regions of the parameter space. This implies an intriguing relation between neutrino physics and dark matter. On the other hand, in case of m φ ≤ m χ + M R the scalar decays are not kinematically allowed and both dark particles are stable, providing a two-component DM scenario. By integrating the two Boltzmann equations, we have that the two today's yields of χ and φ particles are given by
According to Eq. (19), the total DM relic abundance predicted by the model takes the form
where s 0 = 2891.2 cm 3 is today's entropy density [127] , and the factor of 2 takes into account the contribution of DM anti-particles. Before concluding, we remind that all the above equations and expressions still hold in both the two possible hierarchies M R ≤ m χ ≤ m φ and m χ ≤ M R ≤ m φ , once the different phase space provided by the different mass hierarchy is taken into account.
Ordering type B: M
In the ordering B case, the dark particles are mainly produced through the two-body decays of the two right-handed neutrinos n i → χφ * , φχ. The decay widths take the expression
Since the corresponding term in the Boltzmann equation is just proportional to y 2 DS , such twobody decays provide the dominant contribution to the DM production. On the other hand, the contributions coming from the DS and ν−Yukawa processes are almost sub-dominant. Moreover, in this scenario the dark scalar particles φ are slowly converted into the fermion ones χ through three-body decays with virtual right-handed neutrinos. In the limit m φ m χ , the scalar threebody decay width is given by
whereỹ 2 ν is the effective squared Yukawa coupling defined in Eq. (35) . Such decays, which are suppressed by the small Yukawa coupling and by the right-handed neutrino mass, only occur at very late times. Hence, the ordering B case would lead to a two-component dark matter scenario where both dark scalars and fermions contribute to the final DM relic abundance. In this case, the two Boltzmann equations further simplifies and the today's yields of χ and φ are both equal to
and the final DM relic abundance is then given by
By comparing the above expression with Eq. (20) and using Eq. (40), we obtain the following analytical expression for the right-handed neutrino portal coupling y DS required to account for the correct DM relic abundance,
g s *
106.75
By plugging this expression in Eq. (39), we obtain that the following prediction for the lifetime of dark scalars 
where, for the sake of simplicity, we have considered the limit M R m φ m χ . Such values for the lifetime imply that the ordering B case is almost ruled out. Indeed, for a dark scalar mass 10 3 GeV ≤ m φ ≤ 10 12 GeV (compatible with the assumptions behind the reported Boltzmann equations), we accordingly have 8.45 × 10 11 sec ≥ τ 3−body φ ≥ 8.45 × 10 −7 sec. This means that the lifetime is too large so that the dark scalars decays into the dark fermions occur after the electroweak breaking or even after the Big Bang Nucleosynthesis. On the other hand, for small dark scalar masses, the lifetime is smaller than the age of the Universe (∼ 4.35 × 10 17 sec), scenario that is strongly constrained by cosmological observations and indirect DM searches and in contrast with the two-component DM assumption. Hence, we find that the ordering type B case can provide an allowed two-component DM scenario only if the dark scalar mass is smaller than the sum of the masses of final particles involved in the three-body decay, i.e. m φ m χ . In this case, the decays are not kinematically allowed and the dark scalars are stable particles, so providing a viable two-component DM model.
Hence, since the ordering type B is almost ruled out unless m φ m χ and the right-handed neutrino coupling is analytically provided by Eq. (42), in the next Section we focus only on the numerical results obtained in the ordering type A, i.e. m φ ≥ M R , m χ .
Numerical results
The four free parameters of the model (the three masses of the new particles, m χ , m φ and M R , and the right-handed neutrino portal coupling y DS ) are constrained by requiring the equality between the observed DM relic abundance (20) and the predicted one (37) . In particular, for a given choice of the seesaw energy scale M R and the two masses of the dark particles, one can obtain the value for the coupling y DM that provides the correct DM relic abundance by solving Eq. (34).
In Fig. 2 , we report a benchmark case of ordering A with M R = 10 3 GeV, m χ = 10 5 GeV, m φ = 10 7 GeV and y DS = 7.5 × 10 −6 . As can been seen in the left panel, at high temperatures the DS and ν−Yukawa scattering processes produce particles in the dark sector and the two yields increases as the Universe is cooling. However, such interactions are not strong enough to bring the dark sector in thermal equilibrium. Indeed, the corresponding interaction rates are always smaller than the Hubble parameter, as shown in the right panel of the same figure. At T = m φ , the yield φ would freeze-in, but at this temperature its decay rate becomes efficient since Γ φ ≥ H for T m φ . Hence, the scalar particles are converted into the lighter fermions through the two-body decays that then freeze-in providing the correct DM relic abundance. This conversion can be easily recognised in the left panel by looking to the kink of the χ yield occurring at T m φ . Such a feature suggests that the DM production is mainly driven by the decay of scalar particles that are produced by DS and ν−Yukawa scatterings.
It is worth noticing that, for M R = 10 3 GeV, the rates of DS processes are larger than the (21) and (22). ν−Yukawa one. This means that the DS processes provide the dominant contribution to the DM production. On the other hand, according to Eq. (34), for larger values of the seesaw energy scale M R the DS processes become less efficient and the DM production starts to be instead driven by ν−Yukawa scatterings. In Fig. 3 we show a benchmark case of ordering type A where ν−Yukawa scatterings dominate the DM production. In particular, we consider the values M R = 10 10 GeV, m χ = 10 12 GeV, m φ = 10 14 GeV and y DS = 1.9 × 10 −8 . In this case, both the yields of φ and χ particles increase and freeze-in at T = m φ . This is due to the fact that, as show in the right panel, the dominant contribution to the DM production is provided by the ν−Yukawa processes that simultaneously produce φ and χ particles for T ≥ m φ . Then, when Γ φ ≥ H, the scalar particles decay into the dark fermions whose yield just doubles.
In Fig.s 4 and 5 we report the main results of the present numerical analysis focusing on the ordering type A (m φ ≥ M R , m χ ). In particular, in the left panel of Fig. 4 it is depicted how the right-handed neutrino coupling y DS depends on the right-handed neutrino mass M R . The four different lines correspond to different values for the ratio m φ /m χ , while the bands (only visible in case of m φ = m χ ) refer to different values for the ratio m χ /M R in the range 1, 10 3 . Hence, we find that the value for the coupling required to achieve the correct DM abundance is almost independent on the ratio m χ /M R . Moreover, we note that for small seesaw energy scale the coupling is almost constant, while for larger values of M R it decreases. Such a change of the behaviour of the coupling y DS occurs at the energy where ν−Yukawa scattering processes start to dominate over the DS ones in the DM production. This can be easily understood by looking to the right panel of Fig. 4 that shows the relative contribution to the DM relic abundance of the DS (solid lines) and ν−Yukawa (dashed lines) processes. In the plot, the different colours correspond to different values of the ratio m φ /m χ , according to the left panel. In Fig. 5 , instead, it is displayed the required value for the coupling y DS in the plane M R -m φ /m χ . The solid line represents the equality between the contributions to the DM relic abundance of the two different classes of scattering processes. For all the points of the parameter space that provide the correct DM relic abundance, the lifetime of φ particles is found to be smaller than 10 −15 sec, implying that the scalar decays occur at a temperature higher than the electroweak energy scale. This result confirms the validity of the assumptions behind all the expressions we have used in the present numerical analysis. Finally, we remark that the final DM abundance is found to depend on mass ratio m φ /m χ only, while it is almost independent on m χ /M R . Hence, the results reported in Fig.s 
Conclusions
We have proposed a minimal model to simultaneously account for a realistic neutrino spectrum through a type-I seesaw mechanism and a viable dark matter relic density. The model is an extension of the Littlest Seesaw model in which the two right-handed neutrinos of the model are coupled to a Z 2 -odd dark sector via right-handed neutrino portal couplings. In other words we suppose that the production of dark sector particles is achieved dominantly via their couplings to the right-handed neutrinos N R , which are in turn coupled to the thermal bath via their neutrino Yukawa couplings to left-handed neutrinos and Higgs scalar.
In this model, we have seen that a highly constrained and direct link between dark matter and neutrino physics may be achieved by considering the freeze-in production mechanism of dark matter. In such a framework we have shown that the same neutrino Yukawa couplings which describe neutrino mass and mixing may also play a dominant role in the dark matter production. We have investigated the allowed regions in the parameter space of the scheme that provide the correct neutrino masses and mixing and simultaneously give the correct dark matter relic abundance.
In the above model, we have seen that the results may be classified into two types of cases characterised by whether the right-handed neutrinos are heavier or lighter than the heavier of the two dark particles. We have seen that the ordering type B with M R ≥ m φ , m χ is almost ruled out unless m φ m χ , which is the condition that prevents late decays of the dark scalars, and would lead to a viable two-component DM scenario. We have therefore mainly focused on the ordering type A for which m φ ≥ M R , m χ . This is also the most interesting case since then the neutrino Yukawa coupling may play an important role in the annihilation of dark sector particles in the early Universe, and hence in providing the correct relic density.
For type A orderings, we have found that the allowed neutrino portal coupling depends on the right-handed neutrino mass M R and on the ratio m φ /m χ , while it is almost independent on the ratio m χ /M R . Remarkably, for large right-handed neutrino mass, the neutrino Yukawa couplings are fixed via the seesaw mechanism to account neutrino mass and mixing and also by their dominant role in the DM production. The only free parameter is then the common right-handed neutrino mass, which determines the required dark sector right-handed neutrino portal coupling. Such a feature provide a direct link between neutrino physics and dark matter phenomenology, within the framework of the minimally extended Littlest Seesaw model. In certain cases the right-handed neutrino masses may be arbitrarily large, for example in the range 10 10 − 10 11 GeV required for vanilla leptogenesis, with a successful relic density arising from frozen-in dark matter particles with masses around this scale, which we refer to as "fimpzillas".
In conclusion, the present paper has made progress in connecting neutrino physics to dark matter in three different ways. Firstly we have proposed a realistic model not only of dark matter but also neutrino mass and mixing, via the Littlest Seesaw model with two right-handed neutrinos, as compared to many neutrino related dark matter models in the literature which only consider a single right-handed neutrino. Secondly, we have considered the freeze-in mechanism for dark matter which is the first time it has been considered in the literature in the connection with the right-handed neutrino portal. 4 Thirdly, we have focused on cases where the same Yukawa couplings which control neutrino mass and mixing also control the relic abundance of dark matter. Within this framework, assuming ordering type A for which m φ ≥ M R , m χ , we have seen that the parameter space is very tightly constrained with the neutrino portal coupling uniquely given by the right-handed neutrino mass M R for a given ratio of dark sector masses m φ /m χ . If the right-handed neutrino masses are in the range 10 10 −10 11 GeV required for vanilla leptogenesis, this leads to the new idea of superheavy frozen-in dark matter or "fimpzillas". 
A Amplitudes
In this Appendix, we report the squared matrix elements for all the scattering processes that are important for the DM production as a function of the corresponding Mandelstam variables s, t and u. In the following computations, we have used the Feynman rules for Majorana fermions reported in Ref. [132, 133] . For the DS processes drawn in Fig. 1 we have 
where the sign − (+) in the interference term is in case of equal (different) right-handed neutrinos, i.e. i = j (i = j). On the other hand, neglecting the neutrino and lepton masses, the squared matrix element for the ν−Yukawa scattering processes in Fig. 1 take the expressions 
By taking the equalities y DS1 = y DS2 and M R1 = M R2 , the sum of all the ν−Yukawa scattering processes can be parametrized in terms of the effective squared Yukawa coupling reported in Eq. (35) , whose analytical expression is given bỹ
